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ABSTRACT

The long—range objective of the research is to develop the capability

of ;issessing the deflagration—to—detonatlon transition (DDT) hazard in

HMX—ba sed propellants. The approach is based on the concept that a basic

understanding of the physical and chemical processe s involved in DDT is
necessary to achieve this objective . According ly, theoretical and exper-
imental studies were undertaken to elucidate mechanisms of DDT, to estab-

lish conditions for its oc currence , and to formulate a sa tisfac tory model
for its quantitative description .

The theoretical studies were concerned with the thermo—hydrod ynamic

treatment of DDT. The central problem is to model the propagation of
the unsteay flame and the flow it produces ahead of the flame front. The

flame was treated as a reactive discontinuity and flow conditions for

propagation of steady and unsteady flames were established . Equations

f or the initial flow produced by the onset of deflagration in a closed

tube were derived to demonstrate that an accelerating flame produces a

compression wave ahead of the flame front . The initial attempt to con-

struc t an exp lici t solution for an accelera ting flame in a closed tube ,

based on the group of transformations admitted by the flow equations , was

unsuccessful.

The experimental studies were delayed by problems of finding a source
of propellant samples suitable for Lagrange gage experiments. A source

of HMX—based propellan t was found at Edwards Air Force Base , and experi-

mental procedures were changed to eliminate the machining and groov ing
opera t ions usually emp loyed in cons truc ting assemblies for Lagrange gage

experimen ts. A target assembly was designed to allow incorporation of

the gages and ionization pins into the propellant charges during the

casting process.
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I iNTRODUCTION

~(esearch on the deflagration—to—detonation transition (DDT) is

important to the Air Force because many of the energetic propellants

required for present and future long—range delivery systems are explo-

sively filled compositions that are capable of undergoing DDT. HMX—

based propellant, for example, usually burns reliably in rocket motors

hut has de tonated and destroyed the motor on several oc casions. Possible
steps leading to detonation iii the rocket motor are fracture of propel-

lant ahead of the flame and the subsequent formation of shock waves

produced by the increased burning rate of fractured propellant . But

even in this case, the mecahnism of DDT and the conditions for its

initiation are not adequately understood.

The long—range objective of the present research program is to
develop a computational capability for assessing the DDT hazard In

explosively fill ed propellants. The program Is based on the concept

that a basic understanding of the physical and chemical processes

involved En DDT is necessary to achieve this objective . Combined theo-

retical and experimental studies to determine the pressure fields behind

and ahead of the flame and to establish mechanisms of DDT are required

to develop such understanding.

\
\
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II THEORETICAL STUDIES

The first task in the theoretical study is to develop a basic

physical understanding of the thermo—hydrodynamic processes governing
the flame and its propagation. Specific steps undertaken to attain such

an understanding are as follows:

(1) Choose a model for  the flam e

(2)  Derive and physically interpret  the equations governing
f lame propagation

(3) Construct solutions for the unsteady flow produced by a
flame propagating in a closed tube.

It is convenient first to choose the simplest model and treat the flame

as a reactive discontinuity . Implicit in this choice are the assumptions

that the burning reaction is fast and that the hydrodynamic flow produced
by an unsteady f lame is not appreciably influenced by the detailed
structure of the flame. In this case, states connected by the burning

process are governed by the Rankine—Hugoniot jump conditions expressing

the conservation of mass , momentum, and energy across the reactive

discontinuity.

Let v denote specific volume ; F, flame velocity; u, particle

velocity; p, pressure ; c, sound speed; and h, specific enthalpy; and
let the subscripts I and f denote the initial and final states, respec-
tively connected by the flame . The states across the discontinuity are

related by the Rankine—Hugonlot jump conditions

v
f
(Fu

f
) = v

i
(F_u

f
) (1)

(u
f 

- u
1)
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= (Pf 
— p~

) (v
1 
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f
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2(h
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— p

1
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1
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Equation (1) expresses the conservation of mass, Eq. (2) expresses the

conservatIon of mas s and momentum, and Eq. (3) expresses the conservation
of mass , momentum, and energy. The locus of states attainable from a

given initial state (p
1
, v

1
, h

1
) lie on a curve in the (p,v) p lane

obtained by eliminating h between Eq. (3) and the h = h(p,v) equation of
state of the burnt products. This curve, called the Hugoniot curve

centered on (p
1, 

v
i
), has two branches when the discontinuity is reactive .

When the reaction is exothermic , the branch where Pf 
> p . and

V
f 

< v
1 

is ca lled the detonation branch , and the branch where Pf ~~
. 

~~~~

and v
f 

> v
i 
is called the deflagration branch . With the present model

of the flame, burnt states are represented by points on the deflagration

branch of the Hugoniot curve. Moreover, the maximum flame speed is

defined by the Chapman—Jouguet (CJ) point where F = U
f 
+ c

f~ 
the flow

is sonic, and the Rayleigh line through the initial state (p~ 1v .)~
2

(F_
:

i) (v. -v) (4)

is tangent to the Hugoniot curve.

Equations for deflagration CJ parameters will be derived and

then the differential equation governing the propagation of a reactive

discontinuity will be formulated . Equation of state information must

he specified to compute CJ parameters and states on the deflagration

Hugoniot curve. Let the subscript o denote the standard state and let

the superscripts x and p denote propellant and propellant products ,

respectively. The initial enthalpy of the propellant and the h = h~ (p,v)

equation of state of the products are written as

h~ = ~~~ + h~ 
~~~~~~~ 

(5)

and h~ = H~ 
~~k—l

where H~ AH~ — k p v /(k—l), AH denotes the heat of formation, and
0 0 0 0  0

k denotes the polytropic index of propellant products. The combination

3
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of Eqs. (3) and (6) gives ~~e equation for the Hugoniot curve centered

on (p
1
v
1
) as

Pf(Uv f 
— v

i
) + + V

f
) 2 q (7)

where p = (k + 1)1 (k — 1) and q = [(I~H
’
~ 

— t~H~ ) + h’~(p11 v1
) + k p v /k—I].

At this stage it is convenient to neglect the kpv/ (k—l) tern in

q and introduce the nondimensional variables Pf/Pie= P1 v~ /v
1 

= V ,

q/p~v1 
= Q and u

2 
= (U

f 
— u

i)
2/p

~
vj. Equations (2) and (7) can then ~~

written as

(p—l) (l—V) = U2 -(8)

and
P(pV—l) + (V+l) = 2Q (9)

Using Eq. (4) and the definition of sound speed c2 kpv, the CJ cond i-

tion F_u
f 

= C
f 

can be written as

k 10
1-V V

The CJ parameters are obtained by solving Eqs. (8) — (10) and Eq. (1).

The combination of Eqs. (8) — (10) leads to the following equations

relating U and V to Q.

pu2 +(p + l ) - 2Q 0 (11)

(1—V)
2 + 2B(l—V) — (P l) B = 0 (12)

where B (2Q/(p+l) — 1). The roots of Eqs. (11) and (12) give the

particle velocities and volumes at the CJ points on the detonation and

deflagration branches of the Hugoniot curve centered at (p~v1
). Solving

Eq. (11) and converting back to dimensional variables gives the equation

U
f 

= U
1 ± 

~~~~~~~ 
(2{ (k 2—l)q — k(k+l)p

i
vj)}1

1”2 (13)
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where the positive sign gives the particle velocity at the CJ point on

the detonation branch of the Hugoniot and the negative sign gives the

particle velocity at the CJ point on the deflagration branch.

Whereas liberation of chemical energy in a detonation produces mass

motion directed toward the reaction front, the liberation of chemical

energy in a def lagrat lon produce s mass motion directed away from the
reaction front. Expanding the square root term in the equation for the

roots of Eq. (12) gives the following equations for the CJ vol umes on
the detonation (14) and defiagratfon (15) branches as

(14)

and 1’f 
= 

2(k—1)Q 
— 

k
v~ k k+l (15)

Rearranging Eq. (1) to give the equation

(u
f
_u

1)
F — u

1 
= 

(V—i) 
(16)

and eliminating (u
f
_u

1
) by using Eq. (13) with A

2 
= 2(( k

2
—l)q —

k(k+i)p .v1
) gives the equation for the maximum deflagration velocity as

F - 
A (17)

(1+A /l p
i
v
i)

The equation for the CJ deflagration pressure then follows from Eq. (9)

as

2
A

- -

~k+1) (i+A2
A p

i
v
1
) 

18)

when A2/k~~v1 >>l , Eq. (17) gives the maximum deflagration velocity as

F — u . = k (19)

and the corresponding equation for the change In pressure across the

discontinuity follows from Eq. (19) as

kp1
— ~~ 1 (20)



Equations (13), (15), and (18) show that the reaction in a Ci

deflagration wave produces a decrease in particle velocity and pressur~
but an increase in volume . Other states on the deflagration Hugoniot

curve must be considered , however , because the CJ deflagration represents
a hypothetical idealized case. These states lie on the weak deflagrat lon

branch where p~~ < P~ .~~. 
p ., and where , according to .Jouguet ’s rules , t}i~

flow of reaction products is subsonic with respect to the re~ictIon front.

Jouguet ’s rules for the flow In front of a weak deflagration give ~n

insight into the problem of modeling unsteady deflagration and DDT. The

flow ahead of the wave Is influenced by the wave itself because the flow
ahead of the wave is subsonic with respect to the wav.~ f rnnt . Consequently,

an accelerating flame produces an unsteady compression wave ahead of

itself and the initial pressure for the burning process increases as the

flow develops . The burnt states are represented by points on the family

of deflagration Hugonlot curves centered on an adiabatic compression

curve of unburnt material . Moreover , the continued accelera tion ci the
flame will resul t in shock f ormation and ini tiation of de tona t ion in
material ahead of the flame front.

The differential equation governing the propagation of a reactive

di scontinuity will now be derived to obtain a more quantitative (lescription

of unsteady deflagration waves. Let t and x denote time and Eulerian

distance , respectively, and — Pf 
= 1~p and u~ — U

f 
= ~u. When the

deflagration propagates as a discontinuity, the time variations of p .

and p~ satisfy the equations

Dp
+ (21)

Dt ~t 1

Dp
!~~~~~ + F ~~~ (22)

Dt ~tf

where the subscripts I and f denote that the partial derivatives are

t- v,iIu ~jtcd at the top and bottom of the discontinuity. Subtracting

Eqs. (2~~) and (22) after the partial time derivatives have been eliminated

using the identity

6



(23)

leads ,~~~~ the equation

— + (F—u
1
) 

~~~ 

— (F_u
f
)4P_ (2-’.)

A similar procedure leads to the corresponding equation for u

DAu du du au
= ~~~~

. 
— + (F—u .)-~-- — ( F _ u

f
)
~~

—
X 

(2 )
1 f I f

The equation governing the discontinuity Is obtained by combining Eqs .

(24) and (25) with the equations of motion , which are written as

= — ~~ (~~‘~~i)dt ax

= 
2 ~~~ 

= — (27)

Multiplying Eq. (25) by m = pj
(F_u

i
) = Pf

(F_u
f
) and adding the re sulting

equation to Eq. (24) leads to the equation

+ m = — p(c
2 

—(F—u .)
2
) 

~~~ 

+ ~~~~~~~ — (F_u~~~~) ( 2 8 )

Equation (28) gives hydrodynaniic conditions associated with

deflagration waves. Consider first a deflagration wave propagating at

constant velocity when D(Ap)/~ t = D(~ u)/Dt = 0 and both terms on the ri ght—

hand side of Eq. (28) are zero . Necessary conditons for this case are

either au/ax
~ 

= au/ax f 
= 0, or au/ax 1 

= 0 and c
f 

= F — u~~, because unreacted

material satisfies the condition c
i 

> F — u
1
. Solutions involving a pre—

compression shock followed by a deflagration wave can be constructed to

satisfy both of these conditions . Rejection of the CJ condition on

physical grounds, however , gives au/ax
~ 

= au/Bx
f 

= 0 as the nece ssary

hydrodynamic condition for steady deflagration waves . Of particular7



interest is the flow when the particle velocity of burnt material is

zero. In this case the strengths of the shock and deflagration waves

are such that the increase In particle velocity produced by the shock

is exactl y off set by the decrease in particle velocity produced by

the deflagration .

Now consider the case of an accelerating deflagration I)(t p)/Dt > 0,

D(’u)/Dt - (I supporting a compression wave. Because c . > F—u . and

;U/~~X . < 0 in the compression wave , and C
f 

> F~uf 
in t h e products , t i e

possibility arises that Eq. (28) can be satisfied when ~u/~~x 1 
is positive ,

zero , and negative .

Th e f low pr oduced by the propagation of a deflagration wave from a

rigid wall is of particular interest because our experimental study of

DDT is designed to model this rear—boundary c~ n~~ tion . Equations for

the initial flow will he derived for this casa LU show that a compression

wave must be formed as the deflagration propagates from wall . Let the

superscrIpt o denote the initial condition at time t = 0. Then in itially

the rear—boundary conditon is expressed by the equations

u
f 

= (duf/d t)° = 0. We also assume that the unburnt material is

initially at rest , u~
0 

= 0, and that the Initial velocity of the flame

is zero , F° = 0. It follows from the jump conditions , Eqs. (1), (2),

and (3), the P f 
= p

~
°, and h~° = h

i
°, but that c~~

° <~~ r °. The e q u a t i o n

relating the increase in volume to the energy liberated In the reaction

can he readil y der ived by combining the constan t en t h a l py c on d i t i o n  w i t h

Eqs. (5) and (6). The initial condition for propagation of the flame

along the tube is (DF/Dt)° > 0. Other initial conditions follow f rom

the equations m = h. (F—u
1
) P f

(F_u
f
), and p

1
— Pf 

= m (u.— U
f
). th.

identities for the pressure and particle velocity derlvati~.” s , and the

I Ic~- equations , l-~is. (26) and (27). 
Differentiating m and i : , osing the

initial and rear—i oundary conditons leads to the equations

o Du o oDm 0 DF 1 0 DF
~i 

(j j j  — j~ —) = Pf ~~ (29)

8



and rearranging Eq. (29) gives the equation

0
0 Du0 D F  0 I -(c ’ 1 — hf) ~~ 

= p 1 j~
_-- ( 10)

Because ~~O ~ ~~O and (Du./Dt)° (du 1/ dt ) ° , I t  f o l l o w s  f r o m  E q .  ( ‘ 1( 1)

t h a t  ( I ) u ./ D t ) ° = (du
1
/d t)° > 0 and tha t the  p a r t .1 .i e vel oc E L y  in  I ~o n t

of the  f lame s t a r t s  to increase as the f l ame  s t a r t s  to  propagate :I I oI ~
the t ube .  That  is , the de f l a g r a ti on  p r ocess  produces  a ( empress ion wav e

ahead of the flame front. Differentiating the  mom en tum e q u a t i o n  and

imposing the initial and rear—boundary conditons leads to t h e equatiol.s

Dp
1
° I)Pf

° dp1
° dPf

° 
-

~~~ 
(il)

which shows that  the in i t i a l  t ime r a t e  of change of p ressure  i s  t he

same In burnt and unburnt materials. The assumption that material in

front of the flame is compressed along an Isentrope is sufficient to

determine other initial conditions. Combination of the isentropic

cond it ion dp
1 

(pc) . du
1 with Eqs. (30) and (31) gives the 

equation

dp
i
° dP f

° 
o o DF°

= = c
1 (p. 

— P f
) ~~~~ (32)

w h i c h  shows that the pressure starts to In cr ease  behind  and Iii front of

t h e  flame as the flame starts to propagate along the tube .  The ~‘o r ri sponcI—

ing equations for the particle velocity gradients obtained by combining

Eq. (32) with the energy equation dp/dt — i c  au/ ~~x show that the

m l  i a l  va lues  of th e  p a r t i c le  velocity g r a d i e n t s  beh ind  and in f r on t

of the deflagration art- negative .

Initial attempts to use group theoretical methods to construct

solutions for the development of the flow produced by the propagation

of a deflagra t ion wave in a closed tube have been unsuccessful

.9



F:XPE RLME N ’rAI. STUDIES

The experImenta l  s tud ies have been de layed  Lv prc i) I -m- ~ o~ f i n d  I . ’
a source of p r o p e l l a n t  f o r  the  Lagrange g ig.-  e A p e r i n l t -n t s .  P r o t r a : t :e d

i -got iati.ons to o b t a i n  HMX— h ase d p r o p e l l a n t  rom Lu~~r n ’ .  I li  ~ r1:: r

l . . l o r a t or y  were f i n a l l y u n s u c c e s s f u l  f o r  t h i s  I o l i o w i  ng T~~. i (,i;5

• Propellant was in short supp l y

O Hie  m a ch i n i n g  cos t s  and t imes to meet  t e l  e r a i i c ~ S
iii t h i t -  d imensions of p r o p e l l a n t  sa m p le s  needed
to cons t ruc t  the  DDT gage a s s e m b l i e s  wer .
prohibitive .

We subsequent l y found a source of h1l~D( propel  l a n t  : t  I d w o r d s  ~. 1 r !‘nr

h;e-s c (EAFB)  , and personnel the re  agreed to provide  t h e  p r e p  11 an t  ri-qu i r i d

f or  t h i s  p rogram . A f t e r  d i scuss ions  w i t h  EAFR p e r s o n n e l  , we o d d  t h i

t h e  u s u a l  method of c o n s t r u c t i n g  t a rge t s  f o r  Lagrange gag’s sxp erim ent s

f r o m  mach i  m e d  p i eces  was not  prac t icable  fo r  HMX—ba sed propel  1 an t  s . I h i nc e .

a t a rge t  assembly  based on cas t ing  r a the r  than  m a c h i n i n g  t h e  prope l  l o o t

was designed to el iminate tue complex machining and grooving operations

conventionally used in constructing targets for Lagrange gagc i x p i r i o t s .

Target assemblies consisting of acrylic tubes containing t i n  str :~ ~~~
i g - s

and i o n i z a t i o n  p ins  are being constructed and wil I bc sent to EAF8  o h e

f i l l e d  w i t h  p r o p e l lan t  as soon as they a rc- eomp l e t - l  . t h ls k—w ;i I I - t i

c o n f i n e m e n t  tubes to c o n t a i n  t he s e  target assembi u s  ar. being etc- I r i o t - i

a t  SRI . We ex p e c t  t o  assemble  and p e r f o r m  the in  i t  I a ]  d i  - x p . - r  I ~~i tt s

s h o r t l y  a f t e r  we r ece ive  the  cast  charges  f rom EAF B .

FUT URE WORK

Theore t i ca l  and ex p e r i men t a l  s tudies  w i l l  tn  cont  i n t i t d d i i r  l o g ’  I h i

second year of t he  c o n t r a c t  to model and ( s t a h l  Ish  ( end i t  I i t -  f o r  I he etc . t

and occurrence of DI)T in IIM X—hased p r o p e l l a n ts .  S o l u t i o n s  for t h e  h O s t cv

fl ow produced by a deflagration will he sought to provid e a b a s i s  or

int erpreting t h e  r esu l  ts of  t h e  DD I’ experiments. •l l i e  p r s s sl re hi is I c~r Ii’s

recorded in the  Di)T experiments will he Incorporated into t ha  t r i; I fl it

of the unstead y I l ame to generate a satisfactory model for b)Ifl .
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